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ABSTRACT

Take-all Is the most destructive crown and root disease of wheat worldwide.

It is caused by the soilborne ascomycete, Gaeumannomyces gramins var. tritici

(Ggt). There are no economically-viable means of control or resistant wheat
cultivars. Recent studies have demonstrated that bacterial isolates applied as seed
treatments can reduce take-all disease severity significantly.

Six carriers in four concentrations, were tested at room temperature(25 C)

and 4 0,for their ability to establish and maintain bacterial populations. Although
results varied, methyl cellulose was associated with higher bacterial populations.

In a series of growth chamber cone assays, the carriers were examined for
their effects on take-all disease development. In the first trial, there was a

significant interaction between carrier and seed treatment on disease severity. Two
isolates differed in biocontrol ability only when applied with Polysurf 67, which was

associated also with significantly higher disease severity ratings. In the second trial

no significant interactions were noted between carriers. This suggests that the
carriers can affect disease development.

Bacterial isolates that displayed activity against Ggt in vitro were selected

for study in a series of cone assays. The first series tested all ten isolates singly.
The best isolates were selected for trial singly and in combinations for the second
series. In the first trial of the single-isolate assay, six isolates were associated with

IV

significantly greater shoot heights than the control and five were associated with
significantly lower disease ratings. In the second trial no significant effects were
observed. In combination assays, no significant effects were observed in the first
trial. In the second trial all bacterial treatments were associated with lower disease

ratings than the control. This suggests that the isolates are effective biocontrol
agents under certain conditions.
Three field studies were established. At the Knoxville site, stand counts

(emergence) were increased by three treatments and decreased by two. Head
counts (an indicator of plant vigor) were increased by three treatments. Yield
(kg/plot) was decreased by one treatment. Test weight (grain plumpness) was
decreased by one treatment. At the Springfield site, stand counts were decreased
by five treatments. Head counts were increased by four treatments. Yield was
increased by one treatment, and decreased by three. Test weight was increased

by one treatment and decreased by one. Stand counts at the Jackson site were

higher with one treatment. Head counts were higher with three treatments. Yield
was increased with four treatments. Only one treatment was associated with a
higher test weight.

The goal of this work was to further the development of an agronomically
viable biological seed treatment for take-all by helping future researchers focus
their time and resources. Towards that end, it is suggested that isolates MF102
and MB105 be selected for further evaluation because they appear to provide the
most consistent control.
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CHAPTER 1

LITERATURE REVIEW

TAKE-ALL

Take-all is the most destructive crown and root disease of wheat worldwide.

It is caused by Gaeumannomyces graminis (Sacc.) von Arx and Oliver var. tritici

Walker {Ggt). The disease is so named because of the dramatic reductions in yield
that it often causes. The pathogen infects roots at all stages of growth, provided
that the environmental conditions are favorable (cool and moist) for disease

development. The fungus then moves upward, through the root, toward the crown.
Disease symptoms include dark brown to black lesions on roots, necrotic crowns
and tillers, stunting, and generalized chlorosis(Duffy and Weller, 1994). Premature

plant mortality and sterile grain heads (white heads) often result from severe
infection.

Gaeumannomycesgraminis yar. tritici is a soilborne ascomycete. It survives

between crops in infested plant debris or alternate hosts (Duffy and Weller, 1994)
and can be found wherever cereal grasses are grown (Wilhelm et al., 1990). The

pathogen, like other soilborne pathogens, is difficult to control because it is
soilborne and thus less easily affected by fungicidal treatments. In addition, there

are many factors in the soil environment that are not clearly understood. The
interactions between the many factors involved make it difficult to successfully
implement control strategies.

Attempts to reduce crop losses to Ggt are made even more difficult by the
lack of resistance in any wheat cultivar (Scott and Hollins, 1985; Hollins et al.,

1986), although a cultivar with reduced susceptibility has been reported (Scott,

1981). These problems have given take-all a notorious reputation among plant
pathologists and cereal growers alike.
Research into the disease has been ongoing in the 150 years since its

recognition, but has not provided an economically viable means of control

(Poplawsky and Ellingboe, 1989). Rothrock(1988)tested a number of commonlyused fungicides including triadimenol, imazalil, carboxin, and thiram against a nontreated control and found no significant differences in yield or disease severity.

More recent work by Bateman (1989) demonstrated that triademenol, applied as a
seed treatment, gave partial control in some situations. The author suggested that

fungicides may eventually play a role in an integrated approach to controlling takeall. However, the fungicide did not provide consistent, reproducible control.
The economic impact of the disease is difficult to gauge. Estimates are

skewed by the fact that the early symptoms of the disease often mimic nutrient
deficiencies. The actual losses vary greatly by soil type, climate, and cultural

practices. Estimates of worldwide losses range from 1 to 50% of potential yield
(Huber and McCay-Buls, 1993). The discrepancies between the estimates are
indicative of the patchy and seemingly erratic behavior of the disease.

TAKE-ALL DECLINE

Take-all decline is natural suppression of take-all. It occurs in some soils

after two to three years in wheat monoculture and prevents the outbreak of severe

disease (Cook and Rovira, 1976). This suppressive ability may be lost if the soil
is not cropped exclusively to wheat or barley(Cook and Rovira, 1976). It has been
demonstrated that the action of suppressive soils is biological in nature and that

changes in pathogen virulence are not responsible (Andrade et al., 1994). It is
almost certain that a change in the soil microflora is responsible for take-all decline.
Cook and Rovira (1976)demonstrated that suppressive properties could be
transferred between soils and could be destroyed by wet heat or dessication.

Further work was performed by Andrade et al. (1994a), who demonstrated that
disease-conducive soils could be made suppressive by the addition of soil from a

suppressive field. They also found that a conducive soil sometimes could be made
suppressive by the addition of soil from another conducive field with different
physical and chemical properties. This result suggests that the abiotic factors in a
soil are somehow responsible for stimulating the microbes responsible for take-all
decline. In a later study, Andrade et al.(1994b) described work that suggests that

actinomycetes and Pseudomonas spp. are the main factors responsible for take-all
suppression.

The mechanisms by which these organisms cause suppression are thought
to occur on two levels, first by reducing inoculum and then by protecting the plant

at the rhizosphere. Simon et al. (1987) described work in which Ggt exposed to

suppressive soil in the absence of wheat roots was found to exhibit reduced growth
as compared to Ggt exposed to sterile soil. The fact that disease suppression also
occurs at the rhizosphere has been demonstrated by many studies that utilized a
constant inoculum level of the pathogen. For example, Ryder and Rovira (1993)

reported research in which unsterilized soil with a consistent amount of Ggt
inoculum was used to test the biocontrol efficacy of a number of Pseudomonas

corrugata isolates. They found that several isolates provided significant and
reproducible disease suppression. Since the biocontrol agents could not have had
an effect upon the initial inoculum levels, disease suppression must have occurred
in the rhizosphere.

BIOLOGICAL CONTROL

The recognition of the microbial basis for take-all decline gave researchers

renewed hope in their search for an economically-viable means of take-all control.

It was (and is) hoped that one or more of the organisms responsible for take-all
decline may be harnessed for use as a biological control agent. This may have

important consequences in regions where take-all decline does not occur, due to
environmental conditions or cultural practices (such as double-cropping with
soybeans).

An agronomically viable biological control agent must possess a number of
characteristics. It must have the ability to reduce take-all severity under a wide

range of environmental conditions against different strains of the pathogen, and

allow for a low cost, low labor-intensive means of application. These challenges to

the development of a viable biocontrol regime, and others, have been examined.
The first obstacle that must be overcome in a biocontrol regime is that of

application. The site-specificity of biocontrol activity requires that the agent be
introduced to the rhizosphere of the wheat plant. This has been accomplished by

coating seeds with bacterial biocontrol agents. A suspension of the agents is

prepared and mixed with a carrier that helps the bacteria adhere to the seed and
resist dessication. When applied in this manner the bacteria are often able to
colonize the entire root system as they are carried passively with the growing root

tips. Capper and Higgins (1993) examined the efficacy of applying the agents in
a peat-based matrix or as a microgranule formulation directly to the furrow. They
found that, compared to seed treatment, there were no significant differences
between treatments. It thus appears that seed treatment is just as effective as the
other methods, and is less labor-intensive.

CHARACTERISTICS OF BIOCONTROL AGENTS

Once the coated seed is planted, the bacteria must have the ability to

colonize the entire root system. Any roots not associated with the bacteria will be
vulnerable to infection by the fungus, as the protection mediated by the bacteria is

not systemic within the plant. Howie et al.(1987) described work suggesting that
the bacteria are carried passively by the growing root tips. This assertion is based

on their findings that nonmotile mutants of Pseudomonas fluorescens strain 2-79

colonized the roots just as quickly as the motile wild type. The action of the bacteria

may be explained partly by the presence of a root-adhering protein described by
DeMot et al.(1990). This 33-K protein appears to greatly enhance the ability of the
bacteria to adsorb to the root surface. Maplestone and Campbell(1988)found that

while a nonmotile strain of Bacillus cereus var. mycoides was capable of colonizing

wheat roots, a motile strain of Bacillus pumilus was more effective. This result

suggests that motility, in at least one genus, may be a factor that affects
colonization ability. It bears noting that Bacillus and Pseudomonas spp. are

dissimilar in many regards and probably exhibit different root-colonizing
characteristics. These studies provide evidence that bacteria, when applied as
seed treatments, are capable of colonizing the entire root system.

The initial bacterial population density on the seed is of great importance.

Biocontrol bacteria must initially be present in high enough numbers to allow for
attrition due to environmental factors. Loper et al. (1984) demonstrated that the

final rhizosphere population level of seed-applied bacteria, while following a

lognormal distribution, varied greatly between, and even within, different soil types.

They point out that it is the population level on a given plant, not the mean of
population levels within a set of plants, that influences the growth of that plant.
Bacterial population densities on the root, as related to time after planting
and distance from the seed, have been studied. Howie et al.(1987)found that after

one week, with an initial population of 10^ colony forming units (cfu)/seed, the

population densities on the root were 10® cfu/cm of root at 1 to 3cm below the seed

and 10^ cfu/cm of root at 7 to 9 cm below the seed. Maplestone and Campbell

(1989) reported that after eight days the population density of the motile Bacillus
cereus reached 10® to 10® cfu/g dry root at 15 cm below the seed, and that the

nonmotile 8. mycoides reached 10^ cfu/g dry root. The importance of population

density was examined also by Bull et al. (1991). They noted that the bacterial
population was inversely correlated with distance from the seed. Perhaps more
importantly, they discovered that the number of bacteria on the seed and on the
roots was correlated with the number of lesions formed on the root system as a
whole. These results indicate that an effective biocontrol agent must be able to
colonize the roots quickly and efficiently.

It is not enough for the bacteria simply to move to a position on the root. It
must also establish itself there and survive. This process is affected by many

factors, many of which are not well understood. The effect of soil matric potential
on root colonization was studied by Howie et al. (1987). They reported that soil

matric potentials between -0.05 and -4.0 bars cause no significant changes among
the bacterial populations in the rhizosphere. Matric potentials beyond this range
are either too wet, leading to anaerobic conditions, or too dry, which may dessicate
the bacteria. Soil pH also may affect the colonization ability of a biocontrol agent.
This issue was assessed indirectly by Ownley et al. (1992), who found that

Pseudomonasfluorescens 2-79 provided a significant reduction in disease severity

over a pH range of 4.9 to 8.0 as compared to the control. This result suggests that
the bacteria successfully colonized the wheat roots throughout the pH range tested.

An effective root-colonizer must also be able to compete for and utilize
available carbon and nutrient sources. Root exudates are of primary importance

to rhizosphere bacteria. The amount and type of exudates vary between plant, soil,
and environment types. Heron and Weller (1988) reported research that
demonstrated differences in root-colonizing ability between Pseudomonas spp. with

different surface properties. This suggests that root-colonization ability may be
due, at least in part, to factors located on the bacterial cell membrane.

Any proposed biocontrol agent must be able to inhibit disease development

by all pathogen strains in a given area. For example, a biocontrol agent marketed
nationally must have activity against all the pathogen strains in the nation. Because
of this, future commercially viable biocontrol agents will probably be marketed on
a local scale. The variation between pathogen strains has been documented.

Wilhelm et al. (1990) described the differences in take-all disease

development between four different Ggt isolates. They examined the interaction
between isolates and the availability of manganese (Mn) on the level of disease

development and found that three virulent isolates caused more disease in Mndeficient soils, while a weakly virulent isolate caused less disease. More recently,
Mazzola et al. (1995) described work that tested the sensitivity of different Ggt
isolates to antibiotics produced by fluorescent Pseudomonas spp. It demonstrated

that the sensitivity of the pathogen differed in vitro. The level of sensitivity in vitro
was found to correlate with the effectiveness of the biocontrol agent at reducing

disease levels in vivo. These results support the hypothesis that effective take-all

control agents, even if marketed on a regional basis, will need to have activity
against a wide range of Ggt isolates.

Another important factor in any biocontrol scheme is variation between plant
cultivars. Certainly, this is easier to control than the variation between pathogen
isolates as the grower has control over which cultivars are planted. The wheat
cultivar selected for planting is of particular importance in a biocontrol management

scheme. Weller (1986) reported that different wheat cultivars support different

population sizes of Pseudomonas fluorescens strain 2-79RNio. This result
suggests that it may be possible for plant cultivars and biocontrol agents to be
combined in a manner that maximizes biocontrol efficacy.

Little work has been reported concerning the effect of wheat cultivar on

biocontrol activity. However, Wilhelm et al.(1990) described work that implicates
at least one plant characteristic with disease development. They tested a number

of wheat genotypes for disease susceptibility in soil with different levels of Mn. It
was found that under Mn-deficient conditions, the genotypes that were efficient at

taking up Mn, compared to those that were inefficient, were significantly more
resistant to take-all.

This result demonstrates the importance of plant

characteristics in the plant/pathogen interaction. An effective biocontrol strategy

must incorporate such information and utilize the best possible wheat cultivar for
a given situation.

MECHANISMS OF BIOCONTROL

There are at least three mechanisms by which Pseudomonas spp. may

reduce the severity of take-ail. First, the bacteria may directly inhibit the growth of
the fungus by production of antibiotics. Also, nutrients available to the fungus may
be reduced through competition between the microbes. Finally, Pseudomonasspp.
have been shown to increase the availablity of manganese, an important nutrient
in disease resistance (Huber and McCay-Buis, 1993).

As noted previously, at least some biocontrol activity occurs in the

rhizosphere. This activity is often the result of direct inhibition of the fungus by the
biocontrol agent. In the Pseudomonas!Ggt interaction, this inhibition may be the
result of antibiotic production. Antibiotics are secondary metabolites of high
molecular weight that inhibit the growth of other organisms.

The importance of antibiotics in the Pseudomonas!Ggt interaction has been
demonstrated.

Weller et al. (1988) reported research in which fluorescent

Pseudomonas spp. were treated with the mutagen N-methyl-N'-nitro-Nnitrosoguanidine. This resulted in mutants that had lost or had reduced ability to

produce antibiotics or siderophores in vitro. They found that, in most cases, the
loss of inhibitory activity in vitro correlated with a reduction in disease-suppression

activity. They further implicated antibiotics as being the primary mechanism of

disease suppression by adding iron in the form offerric-ethylenediamine-tetraacetic

(FeEDTA) acid. The high levels of Fe"^"^^ created by the addition of the FeEDTA
suppress siderophore production because ferric iron is easily available. Three
10

strains were tested in this manner.

It was determined that repression of

siderophore production eliminated disease suppression by strain L30b-80, reduced

suppression by strain 2-79, and had no effect on suppression by strain Rla-80.
These results suggest that antibiotics are involved in the suppression of Ggt by
fluorescent Pseudomonas spp.

More evidence for the importance of antibiotics in disease suppression was

provided by Thomashow and Weller (1988). They reported research in which
transposon 5(Tn5, used to create insertion mutants) mutants of Pseudomonas
fluorescens 2-79 deficient in production of the antibiotic phenazine-1-carboxylic
acid, were tested for their disease-suppressive properties. The mutants were less
effective at reducing disease than their parent strains. They also reported that
antibiosis and disease suppression could be restored by the introduction of cloned
DNA from a 2-79 cosmid library. The cosmid DNA that restored activity was

homologous to the region in which the Tn5 insertion was located. This result
indicated that the sequences required for phenazine production were located on the
cloned DNA.

The sequences required for phenazine production in Pseudomonas
aureofaciens strain 30-84 were further characterized by Pierson and Thomashow

(1992). They utilized two cosmids that restored antibiotic production to antibiosisdeficient mutants in the research by Thomashow and Weller (1988). The

sequences were localized to a chromosomal segment of approximately 2.8 kb that
was carried by both cosmids. The segment was transformed into Escherichia coli
11

DH5a by means of Tn5-dependent insertion. It was found that expression of the
locus in E. coli required the introduction of a functional promoter and resulted in the

production of phenazine products. These results provide strong evidence that the
2.8-kb cloned segment encodes most, if not all, of the phenazine biosynthetic
pathway.

Similarly, Poplawsky and Ellingboe (1989) tested Tn5-induced mutants of
Pseudomonas spp. strain 111 and NRRL B-15135 that displayed altered antibiosis.
The strains were tested in vitro for antibiosis toward Ggt then tested in vivo for

suppression of take-all. They found that of eight antibiosis-negative mutant strains,
seven were less effective than their parent strains at suppressing take-all disease
symptoms.

Presently a few antibiotics involved in Pseudomonas!Ggt interactions are
known. In addition to phenazine-1-carboxylic acid, which is produced by
Pseudomonas fluorescens strain 2-79 (Thomashow and Weller, 1990), another

known compound is 2,4-diacetylphloroglucinol, produced by P. fluorescens strain
CHAD(Keel et al., 1992)and by P. aureofaciens strain Q2-87(Harrison et al.,1993).

Lastly, Pierson and Thomashow (1992) reported the isolation of phenazine-1carboxylic acid, 2-hydroxyphenazine-1-carboxylic acid, and 2-hydroxyphenazine
from Pseudomonas aureofaciens strain 30-84.

Work performed by Harrison et al. (1993) implicated 2,4-

diacetylphloroglucinol in the inhibition of Ggt both in vivo and in vitro by
Pseudomonas aureofaciens Q2-87. The genetic determinants of phloroglucinol
12

production by Q2-87 were characterized by Vincent et al.(1991). They isolated two
Q2-87 mutants with altered antifungal activity by utilizing Tn5 site-directed

mutagenesis. Two cosmids were isolated from a wild-type library by probing the
library with the mutated genomicfragment. Each mutant, when complemented with
either cosmid, regained their inhibitory activity. Subcloning and deletion analysis
were employed to localize the region of importance to a 4.8 kb region. It appears
that this region is required for the production of phloroglucinol, and thus for
antifungal activity.

The genetic determinants for the production of 2,4-diacetylphloroglucinol by
P. fluorescens CHAO have been examined by Keel et al. (1992).

These

researchers obtained Tn5 mutants of strain CHAO that did not produce

phloroglucinol. The mutants were deficient in antifungal activity. Mutants
complemented with an 11 kb DMA fragment from a wild-type CHAO genomic library
were restored for the ability to produce phloroglucinol and display antifungal

activity. The results of the in vitro study were mirrored by in vivo assays. This study
underscored the importance of phloroglucinol in the PseudomonasIGgt interaction.
Soil factors that may influence the production of phenazine have been
examined also. Ownley et al.(1991) assessed the disease-suppressive activity of
P. fluorescens 2-79 across a variety of soil factors. They found that disease

suppression was enhanced by increased levels of sulfate-sulfur, percent sand,
sodium, zinc, ammonium-nitrogen, and increased pH. Disease suppression was
negatively correlated with cation exchange capacity, exchangeable acidity, iron.
13

manganese,total carbon and nitrogen, and the percentage of silt, clay, and organic
matter. The differences in disease suppression may be due to variation in

phenazine production across soil types.

Ownley et al.(1992)examined the effect of pH on phenazine production. In
vitro tests with Pseudomonas fluorescens strain 2-79 demonstrated that inhibition

of hyphal growth of Ggf was greatest at pH 6.0 to 6.6, intermediate at higher pH
values up to 8.0, and least at lower pH values down to 4.9. Inhibition of the fungus
was attributed primarily to the production of antibiotics. The means by which pH
influences the production of antibiotics is not known.

Phenazine production by Pseudomonasfluorescens strain 2-79 was studied

further by Slininger and Shea-Wilbur (1995). They reported work in which the
bacteria were grown in liquid culture at a variety of temperatures and pH values,
and with different carbon and nitrogen sources. It was determined that production

of the antibiotic was greatest at 25 to 27 C, moderate at 29 to 32.5 C, and low at 34

C, although production was high across all temperatures tested. Phenazine
production was greater at pH 7 than at pH 8. Carbon source also had a significant
effect on the antibiotic per unit biomass {gig). When glucose was supplied to the
culture, the accumulation of antibiotic reached 0.31 g/g, glycerol and xylose

resulted in 0.16 g/g, and fructose resulted in only 0.09 g/g. Nitrogen did not have

an effect on phenazine production. These data suggest that a wide range offactors
influence the production of antibiotics in Pseudomonas spp.

Recent work by Duffy and Defago(1995)examined the influence of a wider
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range of mineral amendments and carbon sources on the production of
phloroglucinol by Pseudomonasfluorescens strain CHAO. They found that bacteria
in a nutrient broth amended with zinc produced seven times the amount of

phloroglucinol than did those grown without added zinc. They also found that
carbon source had a differential effect on antibiotic production. The addition of

glucose increased phloroglucinol concentration of the culture media from <0.01 to
12.4 mg/ml. In contrast, the addition of glycerine had no effect on phloroglucinol

production. A significant mineral/carbon source interaction was observed. A 100
fold increase in phloroglucinol production resulted from a molybdenum plus

glycerine amendment over either treatment alone. This work illustrates the
importance of an integrated approach to biological control.
The activity and presence of phenazine in the rhizosphere was examined by
Thomashow et al. (1990).

They treated wheat seeds with Pseudomonas

fluorescens 2-79, P. aureofaciens 30-84, or mutants deficient in the production of

phenazine. Levels of the antibiotic in the rhizosphere were determined. No
antibiotic was recovered from the rhizospheres of seedlings grown from seeds

coated with the phenazine-deficient mutants. The seedlings grown from seeds
coated with the parent strains had significantly less disease than those coated with
the mutant strains. This result indicated that disease suppression was directly

related to the production of the antibiotic in the rhizosphere.

The activities of phenazine and phloroglucinol were tested against a variety

of Ggt genotypes by Mazzola et al. (1995). They determined that a wide variation
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in sensitivity to the antibiotics exisited among naturally-occurring isolates of the
fungus. This sensitivity was found to correlate positively with the ability of the

phloroglucinol-producing biocontrol agent, P. fluorescens Q2-87,to suppress takeall caused by that isolate. This result further demonstrates the importance of
antibiotics in the suppression of take-all. Also demonstrated was the specificity of
the antibiotics involved, as isolates of Gaeumannomycesgraminisyar. a venae were
insensitive to both phenazine and phloroglucinol.

The disease-suppressive activity of biocontrol agents may also be due to

competition for nutrients in the rhizosphere. Lack of nutrients may result in
decreased fungal growth or even force fungal spores to remain in a state of

fungistasis. Research suggests that some Pseudomonas spp. suppress disease

by reducing the amount of ferric iron available to the fungus (Huber and McCayBuis, 1993). in these instances, the biocontrol agent produces low molecular
weight iron-chelating compounds(siderophores)composed of a fluorescing group

and a peptide chain(Marugg, 1985). Siderophores complex ferric iron and facilitate
its transfer into the bacterial cell. Ggt is unable to utilize complexed ferric iron. The

production of siderophores appears to give the bacteria an advantage over the
fungus when iron is a limiting factor.

The effect of siderophore production on disease severity was examined by

Leong (1986). The biocontrol efficacy of strain BIO, an unidentified Pseudomonas

spp. isolated from take-all suppressive soil, was tested in iron-deficient and in ironrich soil. Leong also reported work in which specific, but unidentified, fluorescent
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pseudomonads were tested for their ability to suppress take-all and root-rot of
wheat caused by Pythium spp. in each case, it was found that disease suppression
was eliminated in iron-rich soil. This result demonstrates the importance of

siderophores in disease suppression.

The genetic determinants of siderophore production have been studied.
Moores et al.(1984)examined siderophore-deficient mutants of Pseudomonas sp.
strain BIO that had been created by mutagenesis with A/-methyl-A/'-nitro-A/-

nitrosoguanidine. Complementation analysis identified eight cosmids from a wild-

type gene bank that, in some cases, restored siderophore-production ability. The

pattern of complementation suggest that a minimum of 12 genes arranged in four
gene clusters is neccessary for siderophore production. Moores et al.(1984)noted
that considering the complexity of a siderophore molecule, this number of genes
seems reasonable.

In another study, Marugg et al. (1985) described similar results.

Siderophore-deficient mutants of Pseudomonas putida strain WCS358 were
created with Tn5 mutagenesis. Six different classes of mutants were isolated. It

was suggested that the probable overall structure of the siderophore, together with
the types of mutants isolated, indicate a biosynthetic pathway with two distinct

processes. It was postulated that one process was required for synthesis of the
fluorescing group and the other for the peptide moiety. Complementation analysis
revealed 13 cosmids that restored siderophore production to 13 distinct mutants.

Further analysis revealed that a minimum of seven genes, distributed among at
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least five gene clusters are required for siderophore biosynthesis. The authors
noted that some of the genes appear to be arranged in an operon-like structure.

These results provide groundwork for possible future manipulation of siderophore
production in order to maximize biocontrol efficacy.
In contrast to the work by Marugg et al. (1985), a recent paper by Hamden

et al.(1990)called into question the biocontrol significance of siderophores. They
reported work that examined the biocontrol ability of P. fluorescens 2-79 mutants
deficient in the production of one or more of the following: siderophores, anthranilic

acid (an antifungal factor), and phenazine. They reported that strains producing
only the siderophore were less suppressive to take-all than strains producing only
anthranilic acid or phenazine. Thomashow and Weller(1988)noted that production
of anthranilic acid was at least partly regulated by iron availability. They suggested

that biocontrol activity attributed to siderophore production may actually be due to
iron-regulated nonsiderophore antibiotics.

The ability of Pseudomonas spp. to suppress take-all may also be due, at

least in part, to the reduction of manganese (Mn). The availability of reduced Mn
has been implicated in disease resistance in wheat (Rengel et al., 1993). In this
interaction, the bacteria have no direct effect upon the fungus but enable the plant
to better resist or tolerate infection.

Wilhelm et al. (1988) examined the effects of Mn availability on take-all

disease severity. They reported that in Mn-deficient soils, the addition of reduced
Mn decreased take-all disease severity. They also noted that the addition of
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oxidized Mn or foliar application had no effect. Similar effects were reported by
Huber and McCay-Buis(1993), who noted that all cultural practices that decrease

Mn availability increase the severity of take-all, and vice versa. These results
indicate the importance of reduced Mn availability in the rhizosphere to disease
resistance.

A similar study by Brennan (1992) suggested that excess levels of Mn had
no effect on disease severity. The report noted that in Mn-deficient soils, the
addition of reduced Mn increased disease suppression, but had no effect in soils

with adequate levels of reduced Mn. This result suggests that in many soils, the
Mn-reducing activity of the bacteria has no effect on biocontrol.
The interaction between Mn availability and plant disease resistance has

been demonstrated. Rengel et al. (1993)tested wheat cultivars with various Mn-

uptake efficiencies. They found that the addition of reduced Mn led to disease
suppression only on Mn-uptake-deficient cultivars in Mn-deficient soils. The
authors noted that wheat cultivars efficient in Mn-uptake are resistant to take-all
even at Mn soil levels below that neccessary for optimum plant growth. This points

to the importance of wheat cultivar selection in an integrated disease management
program.

Variations in pathogen virulence may be at least partly explained by their

ability to oxidize Mn. Wilhelm et al.(1990) reported work that examined the ability
of various Ggt isolates to oxidize Mn. They demonstrated that virulent isolates
caused visible oxidation of Mn in vitro. Non-virulent isolates lacked the ability to
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oxidize Mn. This result suggests that the Mn-reducing ability of Pseudomonas spp.
is of importance even in Mn-rich soils.
The direct association between Mn-reducing pseudomonads in the

rhizosphere and take-all disease suppression has been demonstrated. Huber and
McCay-Buis(1993) reported that in a Ggf-infested field, severely diseased wheat

plants were found consistently to have a ten-fold higher population of Mn-oxidizing
organisms compared to adjacent healthy wheat plants. This suggests that disease-

suppression by Pseudomonas spp. may be due not only to Mn reduction, but also
to displacement of organisms that oxidize Mn.

RESEARCH OBJECTIVES

It was intended that the primary long-term benefit of the work presented in
this thesis will be to further the development of a commercially viable biocontrol

method against take-all. The research addressed a number of problems that must

necessarily be overcome before an effective, cost-efficient means of control may
be employed.

The objectives of the study were 1) to further test and characterize several
bacterial strains that had demonstrated in vitro antibiosis for their ability to reduce

take-all disease severity, 2)to determine which bacterial application method would
maximize biocontrol ability, and 3) to elucidate, via genetic analysis, the factors

produced by one Pseudomonas strain that inhibit fungal growth.
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CHAPTER 2

IMPACT OF CARRIERS ON THE BIOLOGICAL CONTROL EFFICACY
OF SEED-APPLIED BACTERIAL BIOLOGICAL CONTROL AGENTS

INTRODUCTION

Take-all of wheat, caused by the soilborne fungus Gaeumannomyces

graminis var. tritici {Ggt), can be controlled by seed treatment with the biocontrol
agent Pseudomonas sp. strain MF103(Clark et al., 1995). Carriers serve to attach
the bacteria to the seed and may also protect the cells from dessication during
storage, in the soil, the bacteria may use the carrier as a carbon source. The type
of carrier used to bind the bacteria to the seed may also have an impact on the
biocontrol efficacy of the agent.

The carrier may affect the biocontrol activity of the bacteria in two ways.

First, previous work has demonstrated that the level of disease suppression is
directly correlated with the population of biocontrol agents in the rhizosphere (Bull
et al., 1991). Thus the carrier that maximizes bacterial populations should also

improve biocontrol activity. Second, the type of carbon that the carrier supplies
may affect the production of antibiotics by the biocontrol agent(Slininger and SheaWilbur, 1995). This effect is important because the production of antibiotics has
been shown to be responsible for take-all suppression by other pseudomonads
(Thomashow and Weller, 1990). In fact, Huber et al.(1989)suggested that the type

of carrier used with biocontrol agents may be more important to disease
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suppression than the agent itself.

Considering the possible impact that a carrier may have on biocontrol

activity, the lack of literature on the subject is surprising. A search of the literature
revealed no reports that directly assayed the effect of different carriers on biocontrol
activity by any bacterial agent. Most of the published reports that compared the

activity of different carriers involved application of chemicals. In fact, only one
report was found that involved biocontrol, and it concerned the biocontrol fungus
Trichoderma koningii (Hadar et al., 1984). The possible importance of carrier
selection, combined with the lack of information on the subject, makes this study

extremely relevant to the development of a commercially-viable biocontrol seed
treatment for take-all of wheat.

In this chapter, two studies are reported. The first study examined the effect
of carrier type and concentration on populations of seed-applied Pseudomonas sp.
strain MF103, over time and under different storage conditions. The initial results
of this study were used to determine which concentrations of each carrier would be
tested in vivo. The second study, performed in vivo, directly examined the effect of

carriers on take-all disease suppression by the biocontrol agents Bacillus sp. strain
MB105 and Pseudomonas sp. strain MF103 in growth chamber Conetainer assays.

MATERIALS AND METHODS

MIcrobial cultures, storage conditions, and inoculum production. The
biocontrol isolates, Pseudomonas sp. strain MF103 and Bacillus sp. strain MB105,
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were isolated from the rhizosphere of wheat planted In soil from a no-till

wheat/soybean double-cropped field at the Milan Experiment Station, Milan, TN.
In in vitro assays MF103 and MB105 exhibited antibiosis toward Ggt. In growth

chamber assays (Clark et al., 1995) and field tests (B. Clark., unpublished) seed
treatment with either MF103 or MB105 reduced take-all disease severity. The

isolates were maintained at -80 C in nutrient yeast extract broth (NBY; Vidaver,

1967) mixed with an equal volume of an 80% glycerol solution in cryotubules. The
isolate of Ggt used in this study was provided by Dr. David Weller, USDA-ARS,
Pullman WA. Cultures for inoculum production were started by transferring a plug

of hyphae on potato dextrose agar (PDA; Bacto® Potato Dextrose Broth, Difco
Laboratories, Detroit, Ml), taken with a #4 cork borer from the edge of a growing

colony, to the center of a fresh plate of PDA. After incubation at 28 C for about
seven days the agar was cut into pieces and introduced into a 500-ml Erienmeyer

flask containing 125 cm^ of oat seeds that had previously been moistened with 100
ml of water and autoclaved twice over a 48-hour period. The flask was sealed with

a sterile cotton plug to allow for gas exchange and incubated at about 18 C for
about two weeks. The colonized oat seeds were then placed in clean paper trays,

allowed to dry, ground in a blender, and shaker-sieved to collect particles of 250500 pm in size (Wilkinson, et al. 1985).
Seed Treatment. Cultures of the bacterial isolates MF103 and MB105 were

removed from cryotubules of NBY-glycerol and inoculated onto NBY plates (one

plate per 5 g of seed to be treated) and incubated at 28 C for 48 h. The plates were
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then flooded with 5 ml of sterile de-ionized water (dHzO) and stirred with a bent

glass rod. The resulting suspension was pipetted in approximately 2.5 ml aliquots
onto two plates of King's Medium B(KB; King et al., 1954), spread with a bent glass
rod, and incubated at 28 C. After 48 h, the bacterial lawn was loosened from the

agar with a bent glass rod and the cells were pipetted into a sterile culture tube and
vortexed.

Wheat seeds of the cultivar FFR525,1995 were used. Seeds were surface

sterilized by immersion in a solution of 10% Clorox® brand sodium hypochlorite for
2 min, followed by 30 min of rinsing with running tap water. Surface-sterilized
seeds were placed on a clean disposable underpad and dried under a laminar flow
hood.

Each concentration of each carrier was pipetted in 1.25 ml aliquots into a
sterile culture tube and vortexed with an equal volume of the bacterial suspension

(see below for carriers used). For the carrier-only treatment, 2.5 ml of carrier was
used. The resultant suspensions were pipetted into labeled, sterile 50-ml beakers

containing 5 g of seed. The seeds were stirred until well-coated and dried under
a laminar flow hood. After drying, the bacterial populations of the treated seeds
were determined. The seeds were stored in unsealed plastic Petri plates in the

refrigerator(4 C)and at room temperature (25 C).

Determination of bacterial populations. A micro-dilution plating method

(Dee, et al., 1995) was used to enumerate bacterial populations on the seeds.
Briefly, five seeds were placed in 50 ml of sterile de-ionized water in a sterile 25024

ml-Erlenmeyer flask and shaken at 150 rpm in an orbit shaker for at least 30 min.
A 1-ml aliquot of the suspension was pipetted into 9 ml of sterile de-ionized water
in a sterile culture tube and vortexed. This process of ten-fold dilution was

repeated until a dilution of 10"® was reached. Ten-pl aliquots of the three highest
dilutions were pipetted in triplicate onto a marked and labeled plate of NBY. The

plate was incubated at 28 C until bacterial colonies were visible and could be
counted.

Determination of carrier effects and storage temperature on strain

MF103 populations over time. Five carriers were tested: Polysurf 67, a cetyl
hydroxycellulose (Aqualon

Co. Wilmington, DE); cellulose gum

(carboxymethylcellulose; Hercules Co., Wilmington, DE); gum arabic (Sigma, St
Louis, MO); methyl cellulose (Sigma); and polyvinyl alcohol (Sigma). The carriers
were mixed with 100 ml of hot(65 C)sterile de-ionized water in a 250-ml screw-top
bottle and cooled under running water. Concentrations of 0.5%, 1 %,2%, and 4%
were tested for each carrier. The 4% concentrations of Polysurf 67 and cellulose

gum were too viscous and could not be used.
Seeds were coated with bacteria as described above. The initial bacterial

population for each treatment was determined. The seeds in each treatment were
then divided into two portions, one stored at room temperature, the other at 4 C.

The populations of MF103 on seeds stored at room temperature(approximately 25
C)were determined at 3 and 7 weeks after coating, while those stored at 4 C were
tested at 5 and 12 weeks. The data were then analyzed with a mixed model
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procedure(SAS Institute).

Growth chamber biocontrol assay. Clean cotton plugs were placed in the

bottom of Conetainers®(Stuewe and Sons, Corvallis, OR)that were then filled with

15 cm^ of autoclaved vermiculite, followed by 10 cm^ of an autoclaved Etowah silt
loam mixed with 1%(w/w) Ggt inoculum. Conetainers were watered with 10 ml of

tap water, covered with clear plastic, and incubated at 15 C for 24 h.
Seeds were treated with MF103 or MB 105 as described above. The

concentration of each carrier that provided the highest initial populations of MF103

were selected for this assay, including Polysurf 67,2%; cellulose gum,2%; methyl

cellulose, 4%; gum arable, 1%; and polyvinyl alcohol, 1%. A no-bacteria control of
each carrier was prepared also. Numbers of colony-forming units (cfu) on the
seeds were determined and the coating process was repeated if the populations
were not at least 10^ cfu per seed.
Two seeds from the appropriate treatment were placed in each Conetainer
and covered with 5 cm^ of autoclaved vermiculite. Ten Conetainers of each

treatment were planted. The Conetainers were watered with 5 ml of tap water,
covered with clear plastic, and maintained at about 25 C in the greenhouse.

Following emergence ofthe seedlings,the Conetainers were uncovered and placed

in a growth chamber at 15 C with a 12 h light/dark cycle. Seedlings were thinned
to one plant per Conetainer and watered as needed with 5 ml of 1/3 Hoagland's
solution (Floagland and Arnon, 1938).

After about three weeks, when the seedlings had reached the 2- to 3- leaf
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stage, the Conetainers were removed from the growth chamber. Each plant was
carefully removed from its Conetainer and washed free of soil. Seedling height was
measured and disease severity was rated on a scale of 0 to 8, where 0 = no
disease, 1 = one discrete lesion, 2 = two or more discrete lesions, 3 = one or more

contiguous lesions, 4 = lesions extending up to the crown, 5 = lesions on crown,6
= lesions expanding on the stem, 7 = almost dead, and 8 = dead. The data were
then analyzed with a general linear model procedure(SAS Institute).

RESULTS

Effect of carriers and storage temperature on strain MF103 populations
over time. In all treatments under both storage conditions, bacterial populations

declined significantly over time (Table 2-1). Significant differences in bacterial

populations at each time and storage temperature were observed among carrier
types (Table 2-1), but no one carrier at any concentration was associated with
significantly higher bacterial populations on a consistent basis. Overall, bacterial
populations were significantly higher (Table 2-1) on seeds when methyl cellulose
was used as a carrier, than with polyvinyl alcohol, gum arable, Polysurf 67, or
cellulose gum.

The mean population on seeds stored at 4 C remained significantly higher
(Table 2-1) than on seeds stored at room temperature. Significant higher-order
interactions were observed between carrier type, concentration, and time, and

between carrier type, storage temperature, and time (Table 2-1).
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Table 2-1. Analysis of variance for the effects of carrier type(CAR),storage temperature

(STO), carrier concentration (CON), and time (TIM) on the population size of
Pseudomonas sp. MF103 applied to wheat seeds.
Source

Degrees of

Sum of

Mean

freedom

squares

square

F value

Rvalue

CAR^

4

1.862

0.466

3.11

0.0160

STC^

1

52.497

52.497

350.54

0.0001

CAR*STO

4

8.816

2.204

14.72

0.0001

CON^

1

0.515

0.515

3.44

0.0648

CON'CAR

4

2.028

0.507

3.39

0.0101

CON'CAR

1

0.006

0.006

0.04

0.8481

CON'CAR'STO

4

0.856

0.214

1.43

0.2246

TIM^

1

230.418

230.418

1538.57

0.0001

TIM'CAR

4

5.308

1.327

8.86

0.0001

TIM'STO

1

126.034

126.034

841.57

0.0001

TIM'CAR'STO

4

11.063

2.766

18.47

0.0001

CON-CON

1

0.111

0.111

0.74

0.3903

CON-CON-CAR

4

0.640

0.160

1.07

0.3728

CON-CON-CAR

1

0.146

0.146

0.97

0.3244

CON-CON-CAR-STO

4

1.033

0.258

1.72

0.1449

TlM-TlM

1

10.252

10.252

68.45

0.0001

TIM-TIM-CAR

4

0.576

0.144

0.96

0.4287

TIM-TIM-STO

1

0.148

0.148

0.99

0.3211

TIM-TIM-CAR-STO

4

0.183

0.046

0.31

0.8739

CON-TIM

1

0.042

0.042

0.28

0.5975

CON-TIM-CAR

4

1.816

0.454

3.03

0.0181

0.021

0.021

0.14

0.7052

0.970

0.243

1.62

0.1697

CON-TIM-STO
CON-TIM-CAR-STO

4

^ The carriers included Polysurf 67, cellulose gum, methyl cellulose, gum arable, and polyvinyl
alcohol.

The storage temperatures were 4 C and room temperature (approximately 25 C).
^

^

The concentrations of carriers included 0.5%, 1%,2%, and 4%.

The storage times were 3 and 7 weeks for room temperature, and 5 and 12 weeks for 4 C.
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However, the effects were not consistent.

Populations of bacteria applied with Polysurf 67 on seeds stored at room
temperature declined over time and were positively correlated with carrier
concentration (Fig. 2-1). The populations on seeds stored at 4 C declined over the

experimental period more rapidly at lower concentrations than at higher carrier
concentrations (Fig. 2-2).

Populations of MF103 applied with cellulose gum and stored at room
temperature remained higher over time at lower

than at higher carrier

concentrations(Fig. 2-3). On seeds stored at 4 C, the intermediate concentrations
were associated with high populations at all times and even appear to reduce the
effect of time as compared to all other treatments (Fig. 2-4).
Carrier concentration had no effect on the populations of bacteria applied

with methyl cellulose and stored at room temperature, as populations declined

rapidly for all concentrations (Fig. 2-5). On seeds stored at 4 0, however, higher
concentrations were associated with slightly higher populations over the
experimental period (Fig. 2-6).

Populations of bacteria applied with gum arabic and stored at room
temperature were positively correlated with carrier concentration over time (Fig. 2-

7). This effect was not observed on seeds stored at 4 C, where populations
declined uniformly at all concentrations over time (Fig. 2-8).
Differences in bacterial populations between concentrations of polyvinyl
alcohol were not observed when seeds were stored at room temperature (Fig. 2-9).
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Figure 2-1. Changes in populations of Pseudomonas sp. strain MF103 applied
with different concentrations of Polysurf 67 and stored at room temperature.
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Figure 2-2. Changes in populations of Pseudomonas sp. strain MF103 applied
with different concentrations of Polysurf 67 and stored at 4 C.
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Figure 2-3. Changes in populations of Pseudomonas sp. strain MF103 applied
with different concentrations of cellulose gum and stored at room temperature.
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Figure 2-4. Changes in populations of Pseudomonas sp. strain MF103 applied
with different concentrations of cellulose gum and stored at 4 0.
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Figure 2-5. Changes in populations of Pseudomonas sp. strain MF103 applied
with different concentrations of methyl cellulose and stored at room temperature.
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Figure 2-6. Changes in populations of Pseudomonas sp. strain MF103 applied
with different concentrations of methyl cellulose and stored at 4 C.
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Figure 2-7. Changes in populations of Pseudomonas sp. strain MF103 applied
with different concentrations of gum arabic and stored at room temperature.
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Figure 2-8. Changes in populations of Pseudomonas sp. strain MF103 applied
with different concentrations of gum arabic and stored at 4 C.
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Figure 2-9. Changes in populations of Pseudomonas sp. strain MF103 applied
with different concentrations of polyvinyl alcohol and stored at room temperature.
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On seeds stored at 4 C, higher population sizes were associated with the
intermediate concentrations (Fig. 2-10).
Effect of carriers on biocontrol efficacy of strains MF103 and MB105.

In trial 1, there was a significant interaction between carrier type and seed

treatment(Table 2-2). Root disease ratings differed significantly between carrier

types in the MB105 and no-bacteria treatments, but not in the MF103 treatment
(Table 2-3). In the MB105 treatment, gum arable, methyl cellulose, and polyvinyl
alcohol were associated with significantly lower disease ratings than Polysurf67 or
cellulose gum (Table 2-3). In the no-bacteria treatment, cellulose gum and methyl
cellulose were associated with significantly lower disease ratings than Polysurf 67

and polyvinyl alcohol, while gum arable was intermediate (Table 2-3).
There were significant differences in disease ratings among bacterial
treatments applied with Polysurf 67 (Table 2-4). Plants treated with MF103 had
less disease than those treated with MB105 or no bacteria.

In trial 2, root disease ratings varied significantly between bacterial
treatments across all carrier types (Table 2-2). Seedlings treated with MF103,

across all carrier types, had significantly less disease than those treated with no
bacteria or MB105 (Table 2-5). In the second trial only, shoot height varied

significantly between bacterial treatments (Table 2-6). Seedlings treated with
MF103, regardless of carrier type, had significantly greater shoot height than those
treated with MB105 or no bacteria (Table 2-7).
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Figure 2-10. Changes in populations of Pseudomonas sp. strain MF103 applied
with different concentrations of polyvinyl alcohol and stored at 4 C.
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Table 2-2. Analysis of variance for the effect of carrier type and bacterial seed
treatment on root disease rating of wheat with take-all.
Source of variation

Degrees

Sum of

Mean

F

P

of

squares

square

value

value

freedom
Trial 1

Rep

9

5.482

0.609

0.55

0.8324

Carrier^

4

9.876

2.470

2.24

0.0680

Bacteria^

2

2.890

1.445

1.31

0.2725

Carrier*Bacteria

8

29.638

3.705

3.37

0.0016

Rep

9

9.067

1.007

0.75

0.6613

Carrier

4

7.933

1.983

1.48

0.2124

Bacteria

2

14.013

7.007

5.23

0.0066

Carrier*Bacteria

8

7.387

0.923

0.69

0.7009

Trial 2

^ The carriers included 2% cellulose gum, 1% gum arable, 4% methyl cellulose,
2% Polysurf 67, and 1% polyvinyl alcohol.
The seed treatments included no bacteria (carrier only), Pseudomonas sp.
MF103, and Sac/7/as sp. MB105.
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Table 2-3. Effect of carrier type for each bacterial treatment on disease rating
of wheat with take-all (Trial 1).
Seed treatment
Mean

MB105

MF103

No bacteria

2% Polysurf 67

3.6 a'^

1.9

3.5 a

3.0 a^

2% Cellulose gum

3.1 a

2.5

2.4 b

2.7 ab

4% Methyl cellulose

2.2 b

2.6

2.0 b

2.2 b

1% Gum arable

2.0 b

2.5

2.8 ab

2.4 b

1% Polyvinvl alcohol

2.2 b

2.8

3.3 a

2.8 ab

Mean

2.6^

2.5

2.8

Carrier

Within each column, for seed treatment, values with the same letter or no letter

were not significantly different at P=0.05 according to a F-protected Least
Significant Difference Test.
^ Across all seed treatments, values with the same letter were not significantly

different at P=0.05 according to a F-protected Least Significant Difference Test.
^ Across all carriers, values with the same letter were not significantly different at
P=0.05 according to a F-protected Least Significant Difference Test.
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Table 2-4. Effect of bacterial seed treatment for each carrier type on disease
rating of wheat with take-all (Trial 1).
Carrier
1%

1%

2%

2%

4%

Polysurf

Cellulose

Methyl

Gum

Polyvinyl

67

gum

cellulose

arable

alcohol

No bacteria

3.5 a"

2.4

2.0

2.8

3.3

MB105

3.6 a

3.1

2.2

2.0

2.2

MF103

1.9b

2.5

2.6

2.5

2.8

Seed treatment

Within each column for carrier, values with the same letter or no letter were not

significantly different at P=0.05 according to a F-protected Least Significant
Difference Test.
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Table 2-5. Effect of carrier type and seed treatment on disease rating of wheat
with take-all (Trial 2).
Seed treatment
Carrier

MB105

MF103

No bacteria

Mean

Polysurf 67

4.2

2.9

3.6

3.6

Cellulose gum

3.6

2.8

3.6

3.3

Methyl cellulose

3.2

2.6

3.2

3.0

Gum arable

3.4

3.1

3.8

3.4

Polyvinyl alcohol

2.7

2.8

3.5

3.0

3.4 a^

2.8 b

3.5 a

Mean

^ Across all carriers, values with the same letter were not significantly different at
P=0.05 according to a F-protected Least Significant Difference Test.
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Table 2-6. Analysis of variance for the effect of carrier type and bacterial

Source of variation

Degrees

Sum of

Mean

F

P

of

squares

square

value

value

freedom
Trial 1

Rep

9

143.117

15.902

1.53

0.1448

Carrier^

4

40.408

10.102

0.97

0.4259

Seed treatment^

2

20.440

10.220

0.98

0.3772

Carrier*Bacteria

8

74.402

9.300

0.89

0.5237

Rep

9

23.473

2.608

0.60

0.7922

Carrier

4

9.707

2.427

0.56

0.6911

Seed treatment

2

59.853

29.927

6.92

0.0014

Carrier*Bacteria

8

29.013

3.627

0.84

0.5700

Trial 2

The carriers included 2% cellulose gum, 4% methyl cellulose, 2% Polysurf 67,
and 1% polyvinyl alcohol.

^ The seed treatments were no bacteria (carrier only), Pseudomonas sp. MF103,
and Bacillus sp. MB105.
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Table 2-7. Effect of carrier type and bacterial treatment on shoot height of wheat
with take-all (Trial 2).
Seed treatment
MB105

MF103

No bacteria

Mean

Polysurf 67

13.7

15.1

12.8

13.9

Cellulose gum

14.1

15.0

13.7

14.3

Methyl cellulose

14.2

14.6

14.9

14.6

Gum arable

14.6

15.4

13.6

14.5

Polyvinyl alcohol

14.4

15.4

12.8

14.2

14.2 b^

15.1 a

13.6 b

Carrier

Mean

^ Across all carriers, values with the same letter were not significantly different at

P=0.05 according to an F-protected Least Significant Difference Test.
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DISCUSSION

In Table 2-1, only carrier types had actual degrees offreedom (4), the other
variables were considered continuous in the mixed model procedure. The smooth

appearance of Figures 2-1 to 2-10 are indicative of the fact that the actual data

points were used to calculate predicted values. This was done to make trends
easier to observe.

Polysurf 67 at high concentrations was better at maintaining bacterial
populations than at low concentrations, at both temperatures, however, higher
populations were maintained at 4 0(Figs. 2-1 and 2-2). This result suggests that
Polysurf 67 should be used at a concentration of 2% and that seeds should be
stored at40. The increased bacterial survival at room temperature associated with

the highest concentration tested(2%)suggests that the carrier may help protect the
bacteria from dessication if applied at high concentrations.

Cellulose gum at any concentration tested did not support high bacterial

populations if the seeds were stored at room temperature, but at 40 the 0.5% and
1% concentrations were equal to the 2% rate of Polysurf 67 at supporting high

populations over time (Figs. 2-3 and 2-4). It appears that cellulose gum should be
used at low concentrations if the seeds cannot be refrigerated, and at median
concentrations if the seeds can be refrigerated.

The activity of methyl cellulose under both storage conditions was not

affected by concentration (Figs. 2-5 and 2-6). The populations did not decline as
quickly over the duration of the experiment compared to most of the other carriers
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tested. This suggests that methyl cellulose Is a good carrier for use In situations
where concentration and storage conditions are difficult to control.

The

concentrations of methyl cellulose tested did not differ In their ability to prevent
desslcatlon of the bacteria.

Gum arable, at the higher concentrations(Figs. 2-7 and 2-8), was associated

with high bacterial populations when stored at room temperature, but at 4 C,
concentration had no effect. This suggests that. If seeds must be stored at higher

temperatures, the higher concentrations are better at maintaining viable bacterial
colonies.

Initial bacterial populations were not affected by the concentration of

polyvlnyl alcohol at room temperature, but overtime were positively correlated with
higher concentrations(Figure 2-9). When stored at 4 C, the median concentrations
of polyvlnyl alcohol were better at maintaining higher populations (Figure 2-10). It
seems that the concentrations tested did not vary significantly In their ability to
prevent bacterial death.

This study provides Information on the effects that carriers can have on
bacterial survival on seed at two storage temperatures. An overall assessment of
the results suggests that methyl cellulose, associated with relatively high bacterial

population sizes under all conditions and at all times Is a good choice for blocontrol

pseudomonads applied as seed treatments. However, It bears noting that many
significant Interactions were observed between carrier type, storage conditions, and
time. Although these Interactions were not consistent, a carrier other than methyl
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cellulose might improve the efficacy of a biocontrol regime in which treated seeds
were stored under controlled conditions for a set period of time. This study should

help future researchers to more accurately and consistently determine which carrier
types and concentrations are most effective in given situations.
The effect of the carriers, both alone and in combination with bacterial seed

treatments, on take-all disease rating and shoot height were also studied.
Differences between results of the two trials can be attributed to differences in
disease pressure.

In the first trial, there was little disease pressure. The only significant effect
observed was the interaction between carrier type and seed treatment on disease

rating (Table 2-2). The differences in disease severity across carrier types on

seedlings treated with MB105 suggested that the carriers influenced the biocontrol
activity of the bacteria (Table 2-3). It seems that MB105 is more heavily affected

by carrier type than MF103, which was not associated with significant differences
in disease severity across carrier types. This may be due to differences in cell wall
structure, carbon-source metabolism, or other factors. The differences in disease

severity on seedlings treated with no bacteria suggested that the carriers
themselves played a role in disease development (Table 2-3). The basis for this

activity is unknown, however, it is possible that the carriers were providing a carbon
source for unidentified microorganisms in the soil. Afforded this competitive

advantage in the rhizosphere they may have then outcompeted Ggffor sites on the
wheat roots.
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In contrast, in the second trial, disease pressure was high. The effect of the

carrier type was obscured by the effect of seed treatment. The effect of the seed
treatment did not vary significantly across carrier types (Table 2-4), which

suggested that in situations of high disease pressure, the activity of the biocontrol

agent is more important than that of the carrier. The biocontrol agent MB105 was
not associated with significantly lower disease rating or greater shoot height than
the no-bacteria treatment(Tables 2-5 and 2-7), which implies that MB105 may not

be a good biocontrol agent when take-all pressure is high. However, MF103 was
associated with significantly lower disease ratings than the no-bacteria treatment

(Table 2-5), which suggested that MF103 is an effective biocontrol agent even
under high disease pressure.

This study illustrated the complex interactions associated with biological
control of take-all of wheat. The results of the study illustrated the importance of

carrier selection in a biocontrol regime. Future research may examine the chemical

properties of the carriers which cause them to differently affect the applied bacteria
and other microorganisms in the rhizosphere. It is suggested also that future
research be focused on one storage condition.
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CHAPTER 3

CHARACTERIZATION AND EVALUATION
OF BIOCONTROL ISOLATES

INTRODUCTION

Take-all of wheat, caused by Gaeumannomyces graminis var. tritici may be

controlled by biological agents(Weller, 1988). The development of a commercially
viable biocontrol treatment will depend on the isolation of one or more agents that

significantly reduce disease to an economically acceptable level under a wide
range of conditions. There were three objectives in this study. First, to identify
potential biocontrol isolates to species and to characterize their manganese
reduction/oxidation ability. Second, to test the in vivo biocontrol potential of the

isolates in greenhouse Conetainer assays and field studies. Lastly, to test
combinations of the isolates that displayed the greatest biocontrol activity in
Conetainer assays and in the field.

MATERIALS AND METHODS

Microbial cultures, storage conditions, and inoculum production. The
biocontrol isolates were isolated from the rhizosphere of wheat planted in soil from

a no-till wheat/soybean double-cropped field at the Milan Experiment Station, Milan
Tennessee. The isolates were initially tested for biocontrol potential by screening
for antibiosis activity against Ggt in vitro. The isolates that displayed the greatest
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activity were selected for continued study and identified to genus. The isolates
were designated Bacillus spp. MB100, MB101, MB105, and MB107, and

Pseudomonas spp. MF100, MF101, MF102, MF103, MF104, and MF105(Reeder,
1996).

The isolates were maintained at -80 C in nutrient yeast extract broth (NBY;

Vidaver, 1967) mixed with an equal volume of an 80% glycerol solution in
cryotubules. Cultures were removed from storage and inoculated onto NBY agar
plates, then incubated for 48 h at 28 C.
The isolate of Ggt used in this study was provided by Dr. David Weller,
USDA-ARS, Pullman WA. Cultures for inoculum production were started by

transferring a plug of hyphae, taken with a #4 cork borer from the edge of a growing
colony, to the center of a fresh plate of potato dextrose agar(PDA; Bacto® Potato
Dextrose Broth, Difco Laboratories; Detroit, Ml). After incubation at 28 C for about

seven days the agar was cut into pieces and inoculated into a 500 ml Erienmeyer

flask containing 125 cm^ of oat seeds that had previously been moistened with 100
ml of water and autoclaved twice over a 48-h period. The flask was sealed with a

sterile cotton plug to allow for gas exchange and incubated at about 18 C for about
two weeks. The colonized oat seeds were then placed in clean paper trays,

allowed to dry, ground in a blender, and shaker-sieved to collect particles of 250500 pm in size (Wilkinson, 1985).
Characterization of isolates. Isolates were identified to species by the

Biolog MicroPlate® system. Isolates were removed from long-term storage and
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inoculated onto agar plates of the appropriate medium. Pseudomonas spp. were

grown on Tryptic Soy Agar(TSA; Difco Laboratories; Detroit, Ml) and Bacillus spp.
on Biolog Universal Growth Medium amended with glucose(BUGM+G; Biolog, Inc.;
Hayward, CA]). The cells were incubated for 24 h at 28 C. Single colonies were
removed from the agar with a sterile cotton swab and transferred to a sterile 20-mmdiameter culture tube containing 10 ml of a sterile 0.9% saline solution. Cell density
was determined with a Biolog turbidimeter. Cells were added until an approximate

cell density of 4.5 X 10® was reached. An eight-channel repeating pipettor was
used to fill a 96-well Biolog microplate with 150 /zl of cell suspension. The plates
were then incubated at 28 C. After 4 h the plates were read visually and the results

entered into the Biolog MicroLog computer program. This process was repeated

every 2to 4 h until no more color changes were noted or until 24 h after inoculating
the plates.

The manganese reduction/oxidation potential of the isolates was determined.
For both tests the isolates were removed from long-term storage and transferred to

a sterile culture tube containing 10 ml of NBY broth and incubated, with agitation,
at about 28 C for 24 h. Totestfor Mn-reduction ability, 10^'of cell suspension was

placed in the middle of an agar plate of Mn-reduction medium (Elmer, 1995). The
plates were incubated in darkness at 28 C for 1 month. The plates were

periodically examined for signs of Mn-reduction activity. The Mn-oxidation ability
of the isolates was determined by placing 10 //I of cell suspension onto the middle

of a plate of Gerretsen's medium (Huber and McCay-Buis, 1993). The plates were
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incubated at 28 C for 1 month and were inspected periodically for evidence of Mn
oxidation. For the Bacillus spp. isolates, the medium was amended with 1 g of
glucose.

Seed treatment. Bacterial cultures were removed from cryotubules of NBY-

glycerol, streaked onto approximately one plate of NBY for each 5 g of seed to be
treated, and incubated at 28 C for 48 h. The plates were then flooded with 5 ml of
sterile de-ionized water and stirred with a bent glass rod. The resulting suspension

was pipetted in approximately 2.5-ml aliquots onto two plates of King's Medium B

(KB; King et al.,1954) agar, spread with a bent glass rod, and incubated at 28 C.
After 48 h, 2.5 ml of a 1% methyl cellulose suspension was pipetted onto the plate

and the suspension was stirred with a bent glass rod. The suspension was then

pipetted into a sterile beaker containing 5 g of surface-sterilized wheat seeds per
2.5 ml of bacterial suspension. The seeds were stirred with a wooden tongue

depressor until well-coated, placed in a clean plastic weighing tray and dried under
a laminar flow hood. After drying, the bacterial populations were determined.
Wheat seeds of the cultivar FFR525, 1994 and 1995, were used for both

field studies and Conetainer assays begun in the respective years. Seeds were
surface sterilized by immersion in a solution of 10% Clorox® brand sodium

hypochlorite for 2 min, followed by 30 min of rinsing with running tap water.
Surface-sterilized seeds were placed on a clean underpad and dried under a
laminar flow hood.

Determination of bacterial populations. A micro-dilution method was used
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to enumerate bacterial populations on seeds(Dee et al., 1995). Five seeds were

placed in 50 ml of cool sterile de-ionized water in a sterile 250-ml Erienmeyer flask
and shaken at 150 rpm in an orbit shaker for at least 30 min. A 1-ml aliquot of the

suspension was pipetted into 9 ml of sterile de-ionized water in a sterile culture tube

and vortexed. This process of ten-fold dilution was repeated until a dilution of 10"®
was reached. The three highest dilutions were pipetted in 10-pl aliquots onto a

marked and labeled plate of NBY. The plate was incubated at 28 C until bacterial
colonies were visible and could be counted. Bacterial population sizes on the

seeds were calculated and the coating process was repeated if the sizes were
below 10^ colony forming units (cfu) per seed.
Growth chamber biocontrol assays. In the first assay, the biocontrol

ability of the isolates originally isolated by Reeder(1996) was evaluated. The ten
isolates were tested for their ability to reduce take-all disease rating. The control
treatments included the known biocontrol agent, Pseudomonas fluorescens strain

Q2-87(provided by Dr. David Weller; Pullman, WA)and its spontaneous rifampicinresistant mutants Q2-87-8283 and Q2-87-2793(Reeder, 1996). A methyl cellulose-

only and a non-treated control were used as no-bacteria controls. Two trials were
conducted.

In the second assay, combinations of biocontrol agents were tested in
addition to single-isolate treatments and controls. The treatments included
MB105+MF105, MF103+MF105+MB105, MF102+MF103+MB105,MF102+MF103.

MB101+MB105, MF102, MF103, MF105, MB101, MB105, methylcellulose-only, and
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no treatment. Two trials were conducted.

Clean cotton plugs were placed in the bottom of Conetainers®(Stuewe and

Sons, Corvallis, OR)that were then filled with 15 cm^ of autoclaved vermiculite,
followed by 10 cm^ of seived Etowah silt loam. In the first assay the soil was
autoclaved but in the combination assay, the soil was not autoclaved and a soil

drench of a Ridomil 2E® (CIBA-GEIGY; Greensboro, NO)solution (0.112 ml per L

water) was applied. The soil for pathogen-positive treatments was mixed with 1%

(w/w) Ggt inoculum. Conetainers were watered with 10 ml tap water, covered with
clear plastic, and incubated at 20 to 25 C for 24 h.
Two seeds from the appropriate treatment were placed in each Conetainer
and covered with 5 cm^ of autoclaved vermiculite. Ten Conetainers were planted
with each treatment. The Conetainers were watered with 5 ml of tap water, covered

with clear plastic, and maintained at about 25 C in a lighted environment. Following
emergence of the seedlings, the Conetainers were uncovered and placed in either
a glasshouse (initial assay)or a growth chamber at 15 C with a 12 h light/dark cycle
(combination assay). Seedlings were thinned to one plant per Conetainer and
watered as needed with 5 ml of 1/3 Hoagland's solution (Hoagland and Arnon,
1938).

After about three weeks, when the seedlings had reached the 2- to 3- leaf

stage, each plant was carefully removed and washed free of soil. Seedling height
was measured and disease severity was rated on a scale of 0 to 8, where 0 = no
disease, 1 = one discrete lesion, 2 = two or more discrete lesions, 3 = one or more
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contiguous lesions, 4 = lesions extending up to the crown, 5 = lesions on crown,6
= lesions expanding on the stem, 7 = almost dead, and 8 = dead. The data were
then analyzed using a general linear model procedure(SAS Institute).
Field studies. Isolates were tested in the field in both the 1994-1995 and

the 1995-1996 wheat-growing seasons. In 1994, fields were established at the
Knoxville Experiment Station, Knoxville, IN, in an Etowah silt loam soil and at the

Highland Rim Experiment Station, Springfield, IN, in a Dixon silt loam. In 1995
three fields were established, two at the previously-mentioned sites and one at the

West Tennessee Experiment Station, Jackson, TN, in a Lexington silt loam. The
fields were tilled and amended with nitrogen at the rate of 14 kg per acre. In the

spring, when dormancy had been broken, nitrogen fertilizer was applied to the field
at the rate of 46 kg per acre.

The soil was artificially inoculated with Ggt. Colonized oat seeds were

introduced by hand directly to furrows at the rate of 6.5 g per 2.2 m, except in 1995
at the West Tennessee Experiment station where the field was naturally-infested
with the take-all pathogen. Following introduction of the inoculum, treated seeds
were introduced to the furrows by hand at the rate of 3.5 g per 2.2 m.

In 1994, the experimental units were 0.6 m x 2.2 m, with one treatment per

replicate. There were six replicates at Knoxville and eight at Springfield. The seed
treatments tested were MF100, MF101, MF102, MF103, MF104, MF105, MB100,

MB101, MB105, MB107, Q2-87 (a known biocontrol isolate of Pseudomonas

fluorescens), Q2-87;;8283(a spontaneous non-phloroglucinol-producing mutant).
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methyl cellulose only, and no treatment.
Head counts were determined shortly before harvest. All seed heads

regardless of maturity were counted in one row per plot. The wheat was
mechanically harvested at Knoxville and hand-harvested at Springfield. The wheat
was mechanically threshed and cleaned, stored in labeled paper bags for 1 week,

then weight, test weight, and moisture content were determined. The data were
analyzed using a general linear model procedure(SAS Institute).

The experimental design was changed in 1995 to include the use of miniblocks within the replicates. There were three mini-blocks within each replicate,
each of which contained five treatments in addition to a methyl cellulose control.

This was done to compensate for the large replicate effect observed in the 1994
studies. Combinations of isolates were tested in addition to the isolates tested in

1994-1995 (except for Q2-87-8283).

The combinations tested were

MB105+MF105, MF103+MF105+MB105, and MF102+MF103+MB105.

The plot size at Springfield was increased to 1 m x 2.2 m. At Knoxville and
Jackson, the plot size was 0.6 m x 2.2 m. The orientation of the plots was rotated

90 degrees from the previous year's orientation at Springfield and at Knoxville in
order to reduce possible residual effects from the previous study.

In 1995, stand counts were determined at each field. All the wheat

seedlings, alive or dead, in a consistently-selected 0.5 m section of row per plot
were counted. Stand count data was used to compare seedling emergence.

In 1996, shortly before harvest, seed head counts were determined by
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counting all the seed-bearing heads, regardless of maturity, in a consistentlyselected 0.5 m section of row per plot. This data was used to estimate the general
vigor of the wheat plants in the plot.
All wheat was mechanically harvested, threshed, and cleaned. The wheat

was placed in labeled bags and stored for no more than 1 week. Then yield
(kg/plot), test weight (grain plumpness), and moisture content was determined.
Data were analyzed using a mixed model procedure(SAS Institute).

RESULTS

The Biolog MicroPlate® system was used to determine the specific identity
of the isolates.

All four of

the Bacillus isolates were identified as Bacillus

azotoformans.

Three of the Pseudomonas isolates were identified

as

Pseudomonas cichorii, one as P. corrugata, and two were not identified (Table 3-1).
All isolates oxidized manganese on Gerretsen's medium. None of the isolates
reduced Mn on Mn-reduction medium.

In the absence of the pathogen, no treatment in either trial of the singleisolate growth chamber Conetainer assays was associated with root disease rating
or shoot height measurements that differed significantly from the control(Tables 3-2
and 3-3).
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Table 3-1. Identification of biocontrol isolates based on the Biolog MicroPlate®
microbial identification system.
Isolate

Incubation

Species identification

time (h)
MF100

-

Similarity
index

no identification

-

MF101

24

Pseudomonas corrugate^

0.441

MF102

24

Pseudomonas cichorii

0.468

MF103

-

no identification

-

MF104

24

Pseudomonas cichorii

0.629"

MF105

24

Pseudomonas cichorii

0.512"

MB100

2

Bacillus azotoformans

0.784"

MB101

4

Bacillus azotoformans

0.500

MB105

4

Bacillus azotoformans

0.770"

MB107

2

Bacillus azotoformans

0.639

P. cichorii listed as second possibility.

^ Index of similarity allows for positive species identification if > than 0.5 for a 24-h
incubation time or >0.75 for a 4-h incubation time.
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Table 3-2. Effect of seed treatment on root disease rating and shoot height of

wheat grown with and without the take-all pathogen in cone assays (Trial 1).
+Ggt

-Ggt

Shoot height

Disease

Shoot height

Disease

(cm)

ratinq (0-8)

(cm)

ratinq (0-8)

MF100

29.18

0

22.65 abc"

4.39 ab

MF101

28.84

0

22.44 abed

4.04 bed

MF102

27.29

0

23.71 a

3.75 cd

MF103

28.38

0

22.55 abed

3.67 cd

MF104

28.75

0

21.60 bcdef

4.21 abed

MF105

26.13

0

19.77fg

4.42 ab

MB100

27.16

0

21.35 bcdefg

4.26 abc

MB101

27.44

0

20.85 cdefg

4.54 ab

MB105

29.34

0

21.80 abcde

3.63 d

MB107

28.31

0

22.92 ab

3.96 bed

Q2-87

27.37

0

20.73 defg

4.27 abc

Q2-87::8283

27.59

0

19.67 g

4.46 ab

Q2-87:;2793

28.53

0

20.69 defg

4.04 bed

Methyl cellulose

26.31

0

19.46 g

4.83 a

Healthy control

26.96

0

No treatment

27.41

0

Seed treatment

-

20.10 efg

-

4.71 a

Within each column, values followed by different letters differ at P=0.05
according to an F-protected Least Significant Difference test.
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Table 3-3. Effect of seed treatment on root disease rating and shoot height

of wheat grown with and without the take-all pathogen in cone assays (Trial
2X
Ggt+
Seed treatment

Shoot height

Disease

Shoot height

Disease

(cm)

ratinq (0-8)

(cm)

rating (0-8)

MF100

24.00

0

23.88

1.54

MF101

24.88

0

23.71

2.00

MF102

25.19

0

23.93

1.78

MF103

24.19

0

22.94

1.33

MF104

24.44

0

23.21

1.83

MF105

23.94

0

22.78

1.89

MB100

23.60

0

23.58

1.71

MB101

24.81

0

23.92

1.33

MB105

24.48

0

24.23

1.56

MB107

23.81

0

23.45

1.68

Q2-87

25.04

0

24.25

1.75

Q2-87::8283

25.75

0

23.42

1.71

Q2-87::2793

24.50

0

23.47

2.05

Methyl

23.75

0

22.19

2.2

Healthy control

23.18

0

No treatment

23.98

0

cellulose
-

23.28
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-

2.31

In the first trial of the single-isolate growth chamber cone assays, MF100,

MF101, MF102, MF103, MF104, MB105,and MB107 were all associated with shoot

heights that differed significantly from the methylcellulose control(Table 3-2). Root
disease rating was significantly lower than the control with MF101,MF102,MF103,
MB105, and MB107(Table 3-2). Disease pressure was low in the second trial, and
no treatment was associated with significant differences in either shoot height or
root disease rating (Table 3-3).

In the isolate-combination growth chamber assays, no significant differences

in shoot height or root disease rating were observed between treatments in the
absence of the pathogen (Tables 3-4 and 3-5). There were no significant
differences between treatments in the first trial (Table 3-4). In second trial, no

significant differences in shoot height were observed, however all the bacterial
treatments provided a significant reduction in root disease rating (Table 3-5).
Stand counts at the Knoxville field site were significantly greater than the

methylcellulose control in the presence of MB100, MB101, and the positive check
(no seed treatment, pathogen present). Stand counts were lower when the seeds
were treated with MF103 (Fig. 3-1).

Head counts at the same field were

significantly greater than the control with MF100, MF105, and the MB105+
MF105 combination (Fig. 3-2). Yield was significantly decreased in the presence
of MF104 and MB107, while no treatment significantly increased yield (Fig. 3-3).

Test weight was significantly decreased by MF105, and not significantly increased
by any treatment (Fig. 3-4).
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Table 3-4. Effect of seed treatment, including isolate combinations, on

shoot height(SH)and root disease rating (RR)of wheat grown with and
without the take-all pathogen in cone assays (Trial 1).
Ggh
Seed treatment

SH

RR

SH

RR

MB105+MF105

22.94

0

18.42

3.63

MF103+MF105+

23.38

0

18.42

3.77

23.38

0

18.50

4.29

MF102+MF103

23.25

0

18.58

4.38

MB101+MB105

23.81

0

17.77

4.82

MF102

23.56

0

18.29

4.42

MF103

23.94

0

18.88

4.08

MF105

23.69

0

18.38

4.92

MB101

23.31

0

18.13

3.63

MB105

23.25

0

17.96

4.13

Methyl cellulose

23.63

0

18.17

4.54

No treatment

24.06

0

18.29

3.54

MB105

MF102+MF103+
MB105
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Table 3-5. Effect of seed treatment, including isolate combinations, on

shoot height(SH)and root disease rating (RR)of wheat grown with and
without the take-all pathogen in cone assays (Trial 2).

Seed treatment

SH

RR

SH

RR

MB105+MF105

26.13

0

24.74

1.35 b

MF103+MF105

26.81

0

24.83

1.71 b

28.00

0

26.04

1.38 b

MF102+MF103

27.06

0

25.17

1.75 b

MB101+MB105

27.17

0

26.00

1.50 b

MF102

25.94

0

25.38

1.58 b

MF103

27.07

0

25.08

1.69 b

MF105

27.69

0

24.94

1.54 b

MB101

26.00

0

24.04

1.58 b

MB105

26.00

0

24.50

1.67 b

Methyl cellulose

27.00

0

24.42

2.96 a

No treatment

25.31

0

24.74

2.65 a

+MB105

MF102+MF103
+MB105

" Values followed by different letters differ significantly at P=0.05 according
to an F-protected Least Significant Differences test.
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Figure 3-1. Effect of seed treatment on stand counts of wheat in Knoxville, TN (artificially-infested field). Significant
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Figure 3-4. Effect of seed treatment on test weight of wheat in Knoxville, TN (artificially-infested field).
Significant differences (P=0.05) from the methyl cellulose control are indicated by an asterisk (*) below the bar.

In the field tests at Springfield, stand counts were significantly decreased

when MF102, MF103, MF105, MB101, and Q2-87 were used as seed treatments

(Fig. 3-5). Head counts were significantly increased with MF102, MF104, MB100,
MB107, MF105+MB105, and in the absence of the pathogen (Fig. 3-6). Yield was

significantly increased by MF101, and decreased by MF104, MB101, and Q2-87

(Fig. 3-7). The MB105 + MF105 combination had a significantly higher test weight
than the control, while test weight was significantly decreased by untreated seeds
in the absence of the pathogen (Fig. 3-8).

Stand counts at the Jackson field site were significantly higher when then

seeds were treated with the MB105 + MF105 combination (Fig. 3-9). Seed
treatments of MF102, MB107,and the MF103+ MF105 + MB105 combination were

associated with significantly higher head counts than the methylcellulose control

(Fig. 3-10). Yield was significantly increased by MF102, MF104, MB105, and
MB107 (Fig. 3-11). Only the MF103 + MF105 + MB105 combination was
associated with a significantly higher test weight (Fig. 3-12).

DISCUSSION

Although the specific identities of the all the Pseudomonas isolates were not

determined by the Biolog MicroPlate® system, their similarities in growth
characteristics, colony morphology, and temperature sensitivity suggest that they
are all members of the same species, P. cichorii. The Bacillus isolates, identified

by the Biolog MicroPlate® system as 8. azotoformans, also share similarities
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Figure 3-10. Effect of seed treatment on head counts of wheat in Jackson, TN, (naturally-infested field).
Significant differences (P=0.05) from the methyl cellulose control are indicated by an asterisk (*) above the bar.
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Figure 3-11. Effect of seed treatment on yield of wheat in Jackson, TN, (naturally-infested field). Significant
differences (P=0.05) from the methyl cellulose control are indicated by an asterisk (*) above the bar.
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Figure 3-12. Effect of seed treatment on test weight of wheat in Jackson, TN, (naturally-infested field).
Significant differences (P=0.05) from the methyl cellulose control are indicated by an asterisk (*) above the bar.

between their physical characteristics, which supports the contention that they are
all members of the same species. The variations between the biocontrol activities
of all the isolates is indicative of the subtle differences in physiology found even

among members of the same species. Further research may characterize the
specific factors that affect the biocontrol activity of these isolates.
Soil manganese(Mn) availability affects take-all disease development. In
Mn-deficient soils, weakly-virulent strains of Ggt cause less disease while virulent

strains cause more (Wilhelm et al., 1990). It is unknown if this effect is due to

changes in the plant, in the fungus, or both. Although much more characterization
remains to be done, the fact that the isolates all oxidized Mn and none reduced Mn

will be important to consider in the development of a take-all biocontrol program.
The single-isolate growth chamber cone assays demonstrated the ability of
the isolates to reduce root disease severity. Although shoot height was not

significantly affected, the short duration of the test probably did not allow for the full
effects of root disease to be seen. In the field, the ability of wheat plants with less

root disease to more efficiently absorb water and nutrients should translate into

increased yield. Thus, those isolates that performed best were selected for testing
in the field trials. It should be noted that the low disease pressure in the second

trial was due to extremely hot, dry conditions brought on by technical difficulties with
the growth chamber.

It is important to note that in both the single-isolate and the isolatecombination growth chamber cone assays, there were no significant differences in
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either shoot height or root disease in the absence of the pathogen. This suggests
that the isolates do not have a negative affect on plant growth and are safe to use

even in situations where the presence of the pathogen has not been established.

The isolates that performed best in the single-isolate assays were selected
for use in combinations. The first isolate-combination growth chamber cone assay

did not reveal any significant differences between treatments in either shoot height

or root disease rating due to extremely high disease pressure. The high disease

pressure was thought to have been the result of cool, moist weather that affected
the operation of the growth chamber, or particularly virulent inoculum due to
unknown causes. The fact that it was so difficult to maintain similar levels of

disease pressure between assays is indicative of the delicate balance between soil,
bacteria, wheat, pathogen, and climate that affects the take-all disease process.
In the second isolate-combination growth chamber cone assay, all bacterial

treatments provided a similar reduction in disease severity. This suggests that
either we did not employ the optimal combination, that one isolate quickly
dominates the rhizosphere, or that combinations do not provide additional

biocontrol ability. Research by Pierson and Weller(1994) however, demonstrated
that certain combinations of isolates from the Pacific Northwest can provide

significant reductions in disease severity as compared to single-isolate treatments.
Thus combinations of isolates from the southeast probably warrant further
investigation.

Three treatments significantly increased stand counts at the Knoxville field
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site, while two were associated with a reduction significantly below that of the

pathogen-only treatment. This may reflect the complex interactions between the
bacteria, fungus, and plant that occur in natural soil, and cannot be accounted for
under laboratory conditions. However, it may also have been due to inadequate

sample size. The increase in head counts seen with three of the treatments did not
translate into significantly increased yield. In fact, none of the treatments increased

yield significantly. The mixed results obtained in this field, combined with the
observed lack of severe take-all disease, suggests that naturally-occurring, Ggt-

suppressive microflora may be present in the soil.
The observed reduction in stand counts at Springfield associated with five

of the biocontrol treatments may have been due to phytotoxic actions of the bacteria
not observed in the cone assays, but the seemingly random effects more likely

represent inadequate sample size. This assertion is supported by the fact that the
observed effects on stand counts did not carry over to head counts. Four
treatments increased head counts, but this effect did not translate into higher yields,
so it is difficult to determine if an actual reduction in disease occurred. Only one

treatment improved yield while three reduced it. These mixed effects suggest the
presence of an unknown factor, probably a dominant pathogen other that Ggt The

presence of another pathogen would explain the observation that some areas of the
field were under great disease stress, even in the no-Ggf plots, and that little
evidence of take-all disease symptoms were noted.

At the Jackson site, stand counts were improved by one treatment, but this
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effect was not carried over to head counts. Head counts were increased by three

treatments, two of which were also associated with higher yields. One isolate,

MB105, was associated with increased head counts when used in a combination
and with increased yield when used alone. The more consistent effects observed

in this field may have resulted because Ggf was the known dominant pathogen, and

no previous signs of natural suppression had been noted. Therefore, this field
probably more accurately mirrored the Conetainer assays that were used to select
the biocontrol agents.

Although none of the isolates or isolate combinations were consistently
associated with reductions in disease severity, MF102, MF103, and MB105 were

usually noted as being among the best-performing of the isolates. It is suggested
that these isolates be the focus of further study.
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CHAPTER 4

TRANSPOSON MUTAGENESIS OF

THE BIOLOGICAL CONTROL BACTERIUM
PSEUDOMONAS SP. STRAIN MF103

INTRODUCTION

The production of antibiotics is often responsible for the activity of a

biocontrol agent. A knowledge of the factors which influence antibiotic production
is important because, in some cases, it is possible to employ cultural practices
which maximize biocontrol efficacy. The elucidation of the genetic determinants of

antibiotic production is also of importance because it may allow for a molecular
genetic approach to increasing antibiotic production.
Take-all of wheat, caused by Gaeumannomyces graminis var. tritici {Ggt),

can be controlled by the biocontrol agent Pseudomonas spp. strain MF103(Clark

et al. 1995). MF103 has been shown to inhibit Ggt in vitro (Clark et al. 1995). This
inhibition is thought to be the result of antibiotic production, although the fungalinhibition factor has not been identified. Many other fluorescent pseudomonad

biocontrol agents which inhibit Ggt in vitro have been demonstrated to produce
antibiotics(Thomashow et al., 1988).

In this chapter, work is described which attempted to locate the genes

responsible for production of fungal-inhibition factors in strain MF103. The
transposon Tn5 mutagenesis system was employed.
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Transposon Tn5 mutagenesis has been used previously to locate and
characterize the genetic determinants of antifungal activity in pseudomonad strains.

Marugg et al.(1985)reported work in which the genes responsible for siderophore

production in Pseudomonas strain WCS358 (thought to be P. putida) were
characterized. Mutants deficient in siderophore production were created via Tn5

insertion mutagenesis,then complemented with wild-type cosmid DNA. An analysis
of the complementation patterns was performed to characterize the genes. Similar
work was performed by Thomashow and Weller (1988) who localized the

sequences responsible for phenazine production in Pseudomonas fluorescens 279. Poplawsky et al.(1988)identified two types of genes responsible for antibiosis
activity in Pseudomonas fluorescens strains NRRL B-15133 and NRRL B-15135
following complementation of Tn5 insertion mutants. In a similar manner, Vincent
et al. (1991) identified a 4.8-kb region in Pseudomonas aureofaciens [sic]

{fluorescens) strain Q2-87 required for phloroglucinol production. The genes
responsible for phloroglucinol production in Pseudomonasfluorescens strain CHAO
were physically mapped by Keel et al. (1991) who used a 5.8-kb fragment of Tn5
to probe Tn5-derived phloroglucinol-deficient mutants. Lastly, Peng and Ellingboe
(1990) reported the isolation of seven Tn5-derived Pseudomonas fluoresecens
mutants which expressed increased antibiosis towards Ggt in vitro and which

significantly reduced take-all disease severity compared to the wild-type. These
reports illustrate the utility of Tn5 mutagenesis in gene identification and
characterization.
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Two separate attempts to create Tn5 mutants in strain MF103 were made.
The first of these utilized a tri-parental mating protocol. One bacterial strain carried

the transposon Tn \/(derived from Tn5)on a plasmid and served as the donor, while
another strain served as a helper and provided the mobility factor required for

conjugal transfer of a plasmid carrying Tn\/, which differs from Tn5 in that it carries
an origin of replication (Furuichi et al., 1985). The second attempt employed a bi-

parental mating in which the donor strain carried both Tn5 and the mobility factor.
In both experiments the recipient strain was MF103.
Kanamycin-resistanttransconjugants were not obtained in either experiment.

This chapter describes both attempts. If Tn5 insertion mutants had been created,
they would have been screened against Ggf for loss of inhibitory activity, and the
Tn5-inactivated genes would have been characterized by radiolabeled probing to
confirm the insertion of Tn5, and by complementation analysis to obtain the wild

type gene(s).

However, insufficient time was available to complete these

objectives.

MATERIALS AND METHODS

Strains, piasmids, and culture conditions. The bacterial strains and

plasmids used in this study are described in Table 4-1. In the first study,
Escherichia coli strains were initially maintained for short periods on nutrient broth

yeast extract(NBY)agar(Vidaver, 1967)or Luria-Bertani(LB)agar(Vincent, 1991).
LB agar was used exclusively in the second study. In both studies, Pseudomonas
85

Table 4-1. Bacterial strains used for transposon mutagenesis of
Characteristics

Notes

Source

DH5a/pTF1

carries TnV

transposon donor

N. Quigley

HB101/pRK2013

Mob*

mating helper

N. Quigley

conjugation

N. Quigley

Strain

Escherichia coli

Amp', Tef, Kan'
proiine auxotroph
Kan'

proiine auxotroph
SM10/pSUP1011

Mob*

Kan', Chi'

competent

proiine auxotroph

transposon donor

inhibits Ggt

recipient

Pseudomonas sp.
MF103

in vitro
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R. Reeder

sp. strain MF103 was maintained for short periods on NBY agar. E. coli strains
were cultured at 37 C and stored at 4 C. Strain MF103 was cultured at 28 C and

stored at 4 C. For long-term storage, all strains were cultured in NBY broth at the

appropriate temperature, then diluted 1:1 with a 20% glycerol solution and stored
at -80 C in a glycerol-NBY broth mixture in a cryotubule. Antibiotics (Sigma
Chemical Co., St. Louis, MO)were added to the media when appropriate (to select
mutants and to maintain plasmids)at the following concentrations(pg/ml): ampicillin

(25): chloramphenicol (50); kanamycin (50); and tetracycline (25).
Bacterial Matlngs. Bacterial strains were removed from long-term storage

and streaked onto agar plates of the appropriate media. Single colonies were used
to inoculate 5 ml of broth in a culture tube which was incubated with shaking at 25

C until late log phase was reached (approximately 24 h). The growth phase of a
culture was determined by measuring the absorbance of the suspension at 640nm

and comparing the reading to a previously determined curve of absorbance vs. cell
density.

The first study was a tri-parental mating. One ml of each late log phase cell

suspension (recipient, donor, and helper) was sedimented separately in a
microfuge at 10,000 rpm for about 1 min. The supernatants were discarded and the

pellets were resuspended in 1 ml of drug-free NBY or LB broth medium. Each
suspension was subjected to a ten-fold dilution series and plated out to determine

viability. The tubes were recentrifuged and the supernatants discarded. Fifty pi of
NBY broth was added to the tube containing the recipient and mixed briefly. The
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resulting suspension was transferred to the tube containing donor cells and mixed.
In the tri-parental mating, this mixture was transferred to a remaining tube
containing helper cells. The mating mixture was then placed on a sterile 25mm
nitrocellulose disk(BA-S 85; Schleicher and Schuell, Keene, NH)on a plate of LB

medium (NBY was used initially, but was then substituted with LB in later

experiments to better stimulate E. coli growth) and incubated at 30 C for 4 to 6 h.
After incubation, the nitrocellulose disk was transferred to a culture tube

containing 2.5 ml of drug-free M56 minimal medium (Bergquist and Adelberg, 1972)
and vortexed a few times over a ten-minute period to resuspend the cells. The disk
was then removed to a new tube with 2.5 ml of drug-free M56. The two

suspensions were combined and centrifuged. The supernatant was discarded and
the pellet resuspended in 5 ml of M56 medium, and subjected to a series of ten-fold
dilutions. Aliquots of the suspension dilutions were plated on media types which

selected for growth of the parent strains so that their separate population densities
could be determined. Colonies on minimal media were counted as strain MF103

while those that grew at 37 C in the presence of kanamycin were counted as E. coli.
The undiluted suspension was initially stored in a sterile, screw-top centrifuge tube
at 4 C. It was later mixed with glycerol and stored in a sterile, screw-top glass vial
at -80 0.

Selection of transconjugants. The 10° to 10" dilutions of the cell
suspension were spread in 100-pl aliquots onto plates of M56 minimal medium
amended with kanamycin, and incubated at 28 0. The parent strains had been
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determined previously not to grow on this media. The E. coli strains lacked the

ability to synthesize proline and could not grow on minimal media unless L-proline
is added. Pseudomonas sp. strain MF103 cannot grow in the presence of

kanamycin. Thus, only MF103 transconjugants containing Tn5 were able to form
colonies on M56 amended with kanamycin. The transconjugants were patched onto

plates of the same media, incubated for 24 h at 28 C, and stored at 4 C.
Isolation of whole cell DNA from transconjugants. Twelve kanamycin-

resistant prototrophic isolates were removed to culture tubes containing 5 ml of M56
minimal medium amended with kanamycin and incubated, with shaking, for 24 h.

One ml of each cell suspension was placed in a microfuge tube and centrifuged.

The supernatant was discarded and the pellet resuspended again in 0.5 ml of Tris
buffer (50 mM, pH8). The resulting suspension was centrifuged, the supernatant
discarded, and the pellet resuspended in 0.5 ml Tris.

The cells were lysed via the following steps, all of which were performed in
a hot block at 37 C. Twenty pi of 0.4 M EDTA (pH 8) were added to each tube
which was then incubated for 20 min. This was followed by a 10-min incubation

after adding 20 pi of lysozyme(25 mg/ml in 0.25 M EDTA). Ten pi of pronase (20
mg/ml) was added and the incubation was continued for 10 min. Twenty pi of 10%
sodium dodecyl sulfate(SDS)was then added and the tubes were incubated for 3

h. Finally, 2.5 pi of ribonuclease A(2 mg/ml; Sigma Chemical Co., St. Louis, MO)
was added and the tubes were incubated for 15 minutes.

The DNA was then extracted from the tubes by the following method.
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performed at room temperature. Tris-saturated phenol (0.5 ml, pH 8) was added
to each tube and shaken gently. The tubes were centrifuged for 5 min and the

aqueous layer was transferred to a microfuge tube containing 0.5 ml of a 25:24:1
mixture of Tris-saturated phenol, chloroform, and isoamyl alcohol. The suspension

was mixed gently and centrifuged for 5 min. The aqueous phase was then
transferred to a microfuge tube containing 1 ml of absolute ethanol.

The DNA was collected by spooling it onto a glass rod (microcapillary tube)
from the DNA/ethanol interface. When the DNA phase disappeared, the rod was

drained and placed in a new tube on ice. The rod was rinsed with 50 pi of TE

(Tris/EDTA [10mM/1mM]) and twirled for about 30 min to remove the DNA. The
tubes were incubated at 60 C for 30 min then stored at 4 C.

DNA analysis. The collected DNA was digested with the restriction enzyme

EcoRI(New England Biolabs, Beverly, MA). The DNA was placed into separate

microfuge tubes in 2-pl aliquots. To each tube was added 18 pi of a potassium

glutamate buffer/restriction enzyme mixture (Hanish and McClelland, 1988),
prepared by mixing 270 pi of buffer with 1 pi of EcoRI(20 units/pl). The tubes were
incubated at 37 C for 60 min.

The digested DNA was mixed with 2 pi of bromophenol blue gel-loading

buffer(10X stock made of 0.5 g Ficol, 5 ml 0.4 M EDTA, 3.25 ml H2O, and 0.25 ml
bromophenol blue) and loaded into an agarose gel, composed of 0.75% agarose
in Tris-borate EDTA (TBE) electrophoresis buffer. A sample of bacteriophage
lambda DNA predigested with H/ndlll was loaded in a separate well to serve as a
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siz6 rnarkGr. ThG qgI was run at 60V for at laast 3 h. At laast 10 min bafora tha gal
was ramovad, 2.5 ml of athidium bromida stain was addad to tha buffar. Aftar
ramoval from tha buffar, tha gal was axaminad undar UV fluorascanca and
photographad.

Southern blot analysis. Tha following staps wara parformad by Dr. Nail

Quiglay. Tha DNA on tha gal was transfarrad to a nitrocallulosa filtar by tha
Southarn blot procadura (Sambrook at al.,1989). A radiolabalad Tn5 proba was
craatad via nick translation (Sambrook at al.,1989) of pSUPIO11 plasmid DNA in

tha prasanca of^^P-dCTP. Tha raaction products wara passad through a Saphadax
G-50 spin column to trap unincorporated ^^P-dCTP and tha laval of radioactivity of
tha aluata datarminad by Carankov counting. Tha proba was hybridized with tha
DNA on tha nitrocallulosa filtar overnight in tha prasanca of hybridization solution

(50% formamida v/v). Tha filtar was rinsed to remove excess proba, blotted dry,
and mounted in an X-ray cassette with intensifying screens and X-ray film. Tha
cassette was incubated at -80 C for about 24 hours before tha film was ramovad
and davalopad.

RESULTS

The population density of tha initial E. coH call suspension was about 1X10®
colony forming units (cfu)/ml, while tha initial Pseudomonas sp. strain MF103

suspension was about 1 X 10^° cfu/ml. In tha final suspension, tha population
density of E. co//was about 1X10® cfu/ml and Pseudomonas strain MF103 was
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about 1 X 10^° cfu/ml.

The frequency with which colonies arose on the kanamycin amended

minimal medium indicated that the mutation frequency in MF103 was about 10"^ per

recipient. The kanamycin-resistant colonies were determined subsequently not to
be E. coli because of their growth characteristics and production of fluorescent

compounds. Southern blot analysis did not detect the presence of Tn5 in the DNA
extracted from the kanamycin-resistant MF103 colonies.

DISCUSSION

The kanamycin-resistant MF103 mutants are most likely the result of

spontaneous mutation. Future work in this area will need to account for the
occurrence of spontaneous Km'^mutants, which were expected to be raret. Marugg,

et al. (1985) reported an efficiency of transformation of 10-® per recipient and a
frequency of spontaneous mutation of 3 X 10"® in a Pseudomonas strain thought to
be P. putida, which resulted in less than one spontaneous mutant per thousand Tn5
transconjugant mutants. If the rate of conjugation in MF103 could be improved to

10'^ and the rate of spontaneous mutation held steady at 10"^, transconjugant
mutants would outnumber spontaneous mutants by 10®. This would require a

mating protocol which maximizes plasmid transfer efficiency. Alternatively, the

number of spontaneous mutants that arise could be significantly reduced if the
concentration of Kanamycin in the selective media is increased.

A few

spontaneous mutants mixed in with transconjugants should not pose a significant
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problem for subsequent analysis of Tn5 insertion mutants. Many aspects of the
protocol were altered in an attempt to overcome the problems, but were not
successful. Although the location ofthe genes responsible for production offungal-

inhibition compounds by MF103 was not determined, this study should provide a
basis for future work towards that goal.
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